The bore expansion tests of a mild steel sheet and two types of high-strength steel sheets using conical-and flat-headed punches are simulated using the dynamic explicit finite element program LS-DYNA ver. 970 with shell elements. The ductile fracture criterion proposed by Cockcroft and Latham is applied to the prediction of the forming limit in bore expansion processes. In our previous studies, the fracture strains derived from the criterion gave the best fit to the experimental results in biaxial stretching. The comparison of the simulation results with the experimental results in this study shows the possibility of forming limit prediction via the present approach in which we take the work hardening and damage in the blanking process of the bore into consideration.
Introduction
The authors have proposed an approach to predict the forming limit in sheet metal forming processes by means of the combination of finite element simulation and ductile fracture criteria. [1] [2] [3] [4] In the previous study, 5) the limit strains of a few types of high-strength steel sheets under various strain paths measured by the Marciniak-type biaxial stretching tests 6) were compared with those derived from some criteria for ductile fracture. As a result, it was found that the fracture strains derived from the criterion proposed by Cockcroft and Latham 7) gave the best fit to the experimental results, and the criterion was applied to the forming limit prediction in fundamental 3-dimensional press forming processes, such as deep drawing and stretching. 5, 8) Stretch flanging is also one of the fundamental press forming processes as well as deep drawing and stretching, but is different from others in the point that fracture occurs at the edge of the sheets. The sheet edge suffers influences of the pre-forming, i.e. blanking. For example, before the bore expansion process, which is a representative stretch flanging, the bore is made by blanking, and the condition of the blanked edge has influences on the formability in stretch flanging.
The authors carried out in the past the finite element analysis of the bore expansion process and the forming limit prediction.
3) However, the past work dealt with only the expansion of machined bore, under the condition with no influence of the pre-forming. Formerly by Nakagawa et al. 9, 10) and recently by Iizuka et al. 11) the influence of the conditions of the blanking process was examined in detail, and it was pointed out that the bore expansion limit depends greatly on the pre-forming, the blanking.
In this study, the finite element simulations of bore expansion of steel sheets with various tensile strengths are carried out by means of commercial software (LS-DYNA ver. 970) combined with the ductile fracture criterion by Cockcroft and Latham, and the forming limits are predicted by taking the influences of the blanking process in consideration.
Experimental Procedure

Materials
In this study, a mild steel sheet of 270 MPa grade and highstrength steel sheets of 590 and 980 MPa grades with a thickness of 1.0 mm are used. Table 1 indicates the tensile  properties of the sheets with average values in the 0, 45  and 90 directions to rolling. K-and n-values in the table correspond to the coefficients in the following approximation of flow stress,
The fracture strains of the sheets measured by the Marciniak-type biaxial stretching tests for various strain ratios are indicated in Fig. 1 . The direction of major strain in the tests was set to the rolling direction of the sheets.
The ductile fracture criterion proposed by Cockcroft and Latham is given by eq. (2) .
where " f is the equivalent strain at which the fracture occurs, max is the maximum normal stress, " is the equivalent strain, and C 1 is the material constant. The fracture strains derived from the criterion by substituting the tensile properties and the material constants C 1 in Table 1 are indicated by the solid lines in Fig. 1 . It is ascertained that the criterion by Cockcroft and Latham is suitable also for the steel sheets used in this study. Please refer to the Ref. 5 ) for details of calculation of fracture strain.
Bore expansion test
From the above sheets the specimens with a bore of 10 mm in diameter at the center were made. Two types of specimens with a machined bore and a blanked (punched) one were prepared. The clearance at blanking was set to be 11% of the sheet thickness. Figure 2 shows the Vickers hardness measured at the points 0.1 mm apart from the bore edge, in order to examine the influence of the pre-forming of bore. The hardness measurements were carried out at equally-spaced 7 points on the cross sections in the directions of 0 and 90 to rolling, and Fig. 2 shows their average values. In comparison with the Vickers hardness of the unprocessed sheet the increase in the hardness, i.e. the work hardening, is notably recognized for the blanked bore, while little hardening is recognized for the machined bore. The hardness at the points 2.0 mm apart from the bore edge for the blanked bore is also indicated in this figure, and there is almost no hardening. Figure 3 shows the dimensions of tools and specimens used for the bore expansion tests. A flat-headed cylindrical punch with a diameter of 50 mm and a profile radius of 10 mm and the conical-headed punch with a diameter of 90 mm and an angle of 60 were used. The burr for the blanked bore was set at the die side.
The bore expansion ratio, , is used for the forming limit in bore expansion and is defined by
where d 0 and d f are the initial bore diameter and the critical one at fracture, respectively.
Finite Element Simulation
In order to analyze the abovementioned bore expansion tests, the dynamic explicit finite element program LS-DYNA ver. 970 was used in this study. For the constitutive equations, Hill's yield criterion for anisotropic material 12) and the formula for flow stress (1) were used. Coulomb's law of friction was assumed between the material and tools, and the frictional coefficient of 0.17 was assumed.
The sheet specimens were modeled in shell elements with five integration points through the thickness direction, and the element size was determined as follows. In the bore expansion tests analyzed in this study the deformation concentrates near the bore edge, and the strain gradient is steep. Therefore, the elements near the bore edge need to be divided as fine as possible. In case of shell elements, however, elements smaller than the sheet thickness may cause calculation errors, as is written in the user's manual of LS-DYNA. 13) In order to examine the appropriate element size, the measured and calculated strain distributions in the bore expansion tests were compared. Figure 4 illustrates the measured and calculated results of the distributions of major and minor strains at the punch stroke of 24 mm in the bore expansion test of the 590 MPa grade sheet for the conical-headed punch. The calculations were carried out for three types of element sizes, mesh5, mesh10 and mesh15, where the element sizes at bore edge were about 0.5, 1.0 and 1.5 mm, respectively. While the calculated results for mesh10 and mesh15 are almost the same and agree well 
R10
Blank holder Blank holder Fig. 3 Geometries of tools and blank used for bore expansion tests.
with the measured ones, the calculated results for the smaller size of mesh5 are apparently different from those. The calculated results for mesh5 show wrong distributions also for other cases. Therefore, the element meshes shown in Fig. 5 were adopted, where the size of elements at the bore edge was about the same as the sheet thickness of 1.0 mm. As shown in this figure, the calculations were carried out for the quarter sections due to the symmetry. Although the calculation with solid elements might be more accurate, the shell elements were applied in this study considering the convenience in industrially practical use.
The ductile fracture criterion (2) proposed by Cockcroft and Latham is modified and the integral I defined below is used:
Using the distributions of stress and strain obtained by the finite element simulation, the integral I is calculated for each element. The integral I calculated at the integration point on the mid-surface of the sheet is used in the following results. Figure 6 shows the specimens after the bore expansion tests at fracture for the flat-headed punch in the case of machined bore. The measured critical bore expansion ratios are shown in Fig. 7 . In spite of some scattering in the measured values, the bore expansion ratio is larger for the conical-headed punch and smaller for the steel sheets with higher tensile strength.
Results
Expansion of machined bore
From the experimental results of Vickers hardness (Fig. 2) , the influence of the pre-forming is negligibly small for any machined bore. First, the forming limit prediction is carried out for the expansion of machined bore in the same way as our previous studies. Figure 8 illustrates, as an example of calculated results, the distribution of the integral I in bore expansion of the 590 MPa grade steel sheet for the flat-headed punch. The integral I at the bore edge amounts to unity and the fracture initiation is predicted there. The bore expansion ratio predicted in this way is 67.5% and the experimental one under the same condition shown in Fig. 6 is 64.5%. All the predicted values in the case of machined bore are indicated in Fig. 7 . They agree fairly well with the low limits of the experimental results except for the 980 MPa grade steel sheet. In Fig. 7 , note that the straight line connecting the predicted values does not mean the linear approximation, as well as in the following figures and also in the measured values in Fig. 2 .
The reason why the predicted values for the 980 MPa grade steel sheet are notably larger than the measured values is considered in the following. Table 2 shows the planar anisotropy of the elongation and the r-value measured at the uniaxial tension tests. The elongation of the 980 MPa grade steel sheet used in this study is notably small in the 90 direction. This fact is not considered in the simulation. Besides, in the biaxial stretching tests shown in Fig. 1 , the rolling direction was set to be the direction of major strain, as mentioned before. Accordingly, the fracture strains for the 980 MPa grade steel sheet are estimated too large. In these cases, for example, the material constant C 1 should be determined considering the direction of smaller elongation. This is an example to show that the present approach is not applicable to the material with such strong anisotropy in the critical elongation.
For the same reason the predicted direction of fracture initiation disagrees with the experiment. For the 980 MPa grade steel sheet the fracture appears in the rolling direction (Fig. 9) , as clearly expected from the elongation shown in Table 2 . Only the planar anisotropy in the r-value can be considered in the present simulation. Therefore, only the fracture initiation in 45 direction is successfully predicted for the 270 MPa grade steel sheet which has the strong planar anisotropy in the r-value and the weak anisotropy in the elongation.
Expansion of blanked bore
Except some problems mentioned above, it has been verified that the forming limit in bore expansion can be predicted by the present approach in case of machined bore with little influence of pre-forming. Next, the case of blanked bore is examined. As shown in Fig. 7 the critical bore expansion ratio is notably smaller for the blanked bore than for the machined bore.
As indicated in Fig. 2 the work hardening is clearly observed only near the edge of blanked bore. This influence should be considered in the analysis. In the present analysis the mesh size at the bore edge is about 1 mm (Fig. 5) . Due to the fact that there is no work hardening at the position 2 mm apart from the bore edge, the rough approximation is adopted, where the influence of the pre-forming is given as the input data to only one layer of elements at the bore edge shown by the shaded area in Fig. 10 .
The damage during the blanking process is also taken into consideration. Namely, it is considered that the integral I increases during the blanking process. Assuming the simple shear stress condition in the blanking process for simplicity, the integral I 0 during the blanking process is given from Hill's yield criterion and eq. (4) as I = 1 
The critical bore expansion ratios predicted by assuming that fracture occurs when the total of I 0 and the integral I in bore expansion amounts to unity are shown in Fig. 11 . The predicted values for the pre-strain of 0.3 to 0.5 correspond to the measured ones. It is reported by the analytical study by Ito et al. 14) that the same level of pre-strain occurs at the blanking process.
Conclusions
In this study, the ductile fracture criterion proposed by Cockcroft and Latham was combined with the numerical simulation using the finite element software LS-DYNA ver. 970, and applied to the prediction of forming limit in bore expansion of steel sheets with the conical-headed and flatheaded punches. It was shown that not only for the machined bore but also for the blanked bore the prediction of the critical bore expansion ratio was possible to considerable extent by taking the pre-forming history into consideration in the estimation of the damage parameter I (eq. (4)).
Although the exact evaluation of the amount of pre-strain due to the blanking process remains questionable, 14) a possibility of prediction of the expansion limit of a blanked bore was demonstrated. 
